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Noveldesignsolidstatebioreactor,FERMSOSTAT,hadbeenevaluatedincellulaseproductionstudiesusinglocalisolateAspergillus
niger USM AI 1 grown on sugarcane bagasse and palm kernel cake at 1:1 (w/w) ratio. Under optimised SSF conditions of 0.5kg
substrate; 70% (w/w) moisture content; 30
◦C; aeration at 4L/h ·g fermented substrate for 5min and mixing at 0.5rpm for 5min,
about3.4U/gofFilterpaperactivity(FPase)wasobtained.Atthesametime,comparativestudiesoftheenzymesproductionunder
the same SSF conditions indicated that FPase produced by A. niger USM AI 1 was about 35.3% higher compared to Trichoderma
reesei. This shows that the performance of this newly designed SSF bioreactor is acceptable and potentially used as prototype for
larger-scale bioreactor design.
1.Introduction
Malaysia spent a lot of money yearly on various types of
enzymes for local industries use and research purposes.
This was because no attempts have been made to produce
the enzymes for commercial using local resources. Solid
state fermentation (SSF), an alternative for submerged
fermentation for enzyme production, was found to be
more favorable, which can be performed under limited
ﬁnancial and labour requirements. Agroindustrial residuals
have potentially been used as substrate in SSF not only for
enzymes production but also other secondary metabolites.
In this aspect, countries like Malaysia with abundant agro-
industrial residual especially oil palm industry, will be at
great advantage.
In addition, many research activities focused on SSF,
which had lead to a wide range of applications not only
at laboratory scale [1–5] but also at pilot and industrial
scale [6–9]. In fermentation, bioreactor provides control
environment for growth and activity of the microorganism
that carried out biological reactions [10]. On the other hand,
selection of an appropriate type of bioreactor is also crucial
since bioreactor is the “heart” of the fermentation process.
Furthermore, there are many types of SSF bioreactors and all
their performances are diﬀerent [11].
This study was to produce cellulase enzyme using
Aspergillus niger USM AI 1 grown on sugar cane bagasse and
palmkernelcake(PKC).ThemajorfactorsthataﬀecttheSSF
processforenzymeproductionhavebeeninvestigated.These
included amount of substrate, moisture content, aeration
rate and time, mixing rate, and mixing intensity. At the same
time, comparative studies with Trichoderma reesei have been
carried out.
2.MaterialsandMethods
2.1. Microorganism. Aspergillus niger USM AI 1 was used
throughout this study for the production of cellulase. It was
obtained from Industrial Biotechnology Research Labora-
tory (IBRL) culture collection, USM Penang. It is a local2 Biotechnology Research International
isolate, which was obtained from the Northern Region of
Peninsular Malaysia in year 2002. Trichoderma reseei,w h i c h
is an established culture for cellulase production was used
as a benchmark for the production of cellulase by A. niger
USM AI 1. In order to compare the enzymes production, the
determined optimum SSF conditions were used by T. reseei
on the production of cellulase.
2.2. Solid State Fermentation Condition
2.2.1. Fungus Cultivation for Spore Production and Inoculum
Preparation. Fungus spore was obtained by growing the
culture on Potato Dextrose Agar (AES, France) under room
temperature in medium bottles. The spore was harvested
after 4-5 days of cultivation with sterile distilled water
containing 0.1% (w/v) Tween 80 [12]. The spore suspension
was passed through a 0.5mm sieve to eliminate mycelia and
the spore concentration was estimated by direct microscopic
counting using hemocytometer [13]. The spore suspension
at 1×108 spore/ml and volume of 20% (v/w) was mixed with
thepriorautoclavedgrowthmedium.Thismediumwasused
as inoculum for SSF process.
2.2.2. Substrates Preparation and Sterilization. Am i x t u r e
of sugarcane bagasse (≤2mm) and palm kernel cake
(≤0.5mm) at 1:1 ratio was used as substrates for FPase
production. The substrates were thoroughly mixed by hand
prior to transfer into a newly developed fermenter, namely,
FERMSOSTAT. The substrate was sterilized in situ by hot air
sterilization at 130
◦Cf o r3h o u r s[ 14]. After the sterilization
process, the fermenter and substrates were allowed to
cool down to ambient temperature for overnight before
inoculation of the substrates were carried out.
2.2.3. Medium Composition. T h eg r o w t hm e d i u mu s e di n
SSF process consisted of mineral salts and trace elements.
The composition of the mineral salts was composed of
(g/L); NH4NO3,5 . 0 ;K H 2PO4, 5.0; Corn steep liquor, 2.0;
NaCl, 1.0; MgSO4.7H2O, 1.0 and trace elements (mg/L);
FeSO4.7H2O, 5.0; MnSO4.4H2O, 1.60; ZnSO4.7H2O, 3.45;
CoCl2, 2.0. The pH was adjusted to 7.0 prior to autoclave
[15]. The pH of the growth medium was not controlled
during the course of fermentation.
2.2.4. Inoculation Process. Air/water pressure type of spray-
ing nozzles was used to spray the spore suspension and
growth medium over the solid substrate. Continuous mixing
of substrate by impeller was carried out during the inocu-
lation. The air supplied was discontinued after all the spore
suspension was sprayed on the substrates. However, mixing
was continued for another 15min in order to allow the
absorption of the growth medium by the solid substrate.
2.2.5. Sampling Process. The growth proﬁle of A. niger USM
A I1a n de n z y m e sp r o d u c t i o nw a sc a r r i e do u tf o r6t o7d a y s .
About 10g of substrate was sampled out from each of the
sampling port in every 24h. The substrate was mixed for
5min prior to sampling process. The sample was used to
determine the enzyme production and glucosamine content.
2.2.6. Enzymes Extraction. The enzyme was extracted by
mixingthefermentedsubstrateswithdistilledwatercontain-
ing 0.1% (w/v) Tween 80. The mixture was left for 2 hours in
room temperature. The solid residue was separated from the
enzymic solution by ﬁltering through Whatman No. 1 ﬁlter
paper [16].
2.2.7. Determination of FPase Activity. The cellulase activity
is measured as FPase Activity Units. A 1×6cm strip of
W h a t m a nn u m b e r1ﬁ l t e rp a p e rw a sa d d e dt oat o t a lv o l u m e
of1.5mlofcultureﬁltratein50mMcitratebuﬀer (pH 4.5).
The samples were incubated for 1h at 60
◦C. The hydrolysis
wasterminatedbyadditionof3mlofDNSsolution,followed
by 5min boiling. After cooling, 20ml of distilled water were
added and the absorbance was read at 540nm using glucose
as standard [17].
One unit of enzyme activity was deﬁned as the amount
of enzymes, which catalyzes the liberation of 1μmol of
reducing sugar per minute under speciﬁed assay condition.
Enzyme activity was expressed as unit (U) per g of fermented
substrate. Enzymes productivity was expressed as unit (U)
per mg of glucosamine content of the fungal growth. All
assays were carried out in triplicate and the results were
presented as mean of the triplicate experiments.
2.2.8. Determination of Fungal Growth. The growth of A.
niger USM AI 1 was examined determining the glucosamine
content of the fungus as described by Swift [18]. The
glucosamine content was measured spectrophotometrically
at 530nm using glucosamine as standard.
2.2.9. Optimization of FPase Production. Factors that aﬀect
the growth of A. niger USM AI 1 and the production of
FPase was determined, which included amount of substrates,
moisture content, incubation temperature, aeration rate
and aeration time, mixing rate, and mixing intensity. The
optimum condition obtained from each experiment was
used unless otherwise stated.
3. Results and Discussions
3.1. Eﬀect of Amount Substrate. The highest FPase of 2.14
U/g was obtained after 4 days of fermentation process by
using 0.5kg of substrate with about 0.66U/mgG of FPase
productivity (Figure 1). As shown in the ﬁgure, about 50%
decrease in FPase activity was detected when 0.75kg and
1.0kg of substrate were used in the fermentation process.
While Roussos et al. [19] reported about 56% reduction
in FPase production when the amount substrate used in
Zymotis was increased from 4kg to 12kg. On the other hand,
according to Tao et al. [20], 11.0U/g and 4.0U/g of FPase
activity were detected when 2cm and 10cm of substrate bed
depths were used in SSF tray system, respectively. Signiﬁcant
reduction in enzymes production was detected with an
increasing use of amount of substrate in the fermentation
process. During sterilization, the depth of the substrate for
0.5kgwas4cmcomparedto6cmwhen1.0kgofsubstrate
was used. The chances of each particle that attained 130CBiotechnology Research International 3
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Figure 1: Eﬀect of diﬀerent amount of substrates on FPase
production.
duringthe3hsterilizationforthe6cmdepth(1kg)substrate
wasrelativelylessthanthe4cmdepth(0.5kg)substrate.This
may be due to the limitation of heat transfer especially at
the center of the bed. This might be owing to the fact that
sterilization cum substrate pretreatment makes the substrate
more amenable to microbial attack [21].
3.2. Eﬀect of Moisture Content. Moisture content was a
crucial factor in any SSF process because this variable had
inﬂuenced growth and biosynthesis of microbe as well as
secretionofdiﬀerentmetabolitessuchasenzymes.Theresult
demonstrated that FPase reaching maximum level after 2
days of fermentation process using 65% and 70% (w/w) of
moisture content compared with 3 days when 75% (w/w) of
moisture content was used (Figure 2). Under the optimum
moisture content of 70% (w/w), the highest FPase activity of
2.3U/g and FPase productivity of 0.71U/ mgG glucosamine
were gained. On the other hand, Krishna [22] and Chandra
et al. [23] obtained the highest FPase activities of 2.8U/g and
2.9U/g under optimum moisture content of 70% and 50%
(w/w), respectively. The result obtained showed no marginal
diﬀerences in FPase activity at diﬀerent levels of moisture
content used in the fermentation process.
3.3. Eﬀe c to fI n c u b a t i o nT e m p e r a t u r e .The eﬀect of dif-
ferent incubation temperature on FPase production and
productivity is shown in Figure 3. Similar pattern of enzyme
production and productivity proﬁles were exhibited for all
the diﬀerent incubation temperatures used. FPase produc-
tion achieved maximum level after 5 days of fermentation
process at 30
◦Ca n d3 2
◦C compared to 2 days incubated
at 28
◦C. Under optimum incubation temperature (32
◦C),
the highest FPase activity of 2.9U/g was obtained with
the enzyme productivity of 0.76U/ mgG glucosamine. The
result obtained was in agreement with Alam et al. [24], who
observed the highest FPase activity (8.2U/g) when carried
out SSF at 32
◦C using Trichoderma harzianum T2008 grown
on empty fruit bunches for 4 days in Erlenmeyer ﬂask. As
shown in the ﬁgure, the diﬀerent incubation temperatures
used in the fermentation process had showed no great
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Figure2:EﬀectofdiﬀerentmoisturecontentsonFPaseproduction.
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Figure 3: Eﬀect of diﬀerent incubation temperatures on FPase
production.
inﬂuence on FPase production. This possibly due to the
narrow range of incubation temperatures used.
3.4. Eﬀect of Aeration Rate. The FPase production reaching
maximum level after 5 days regardless of the diﬀerent
aeration used during the fermentation process (Figure 4).
Aeration at 4L/h·g fermented substrate was needed for
optimum FPase production with 3.0U/g of activity and
0.83U/ mgG glucosamine of productivity. Meanwhile, no
aeration and aeration at 2L/h·g fermented substrate shown
no or slight diﬀerences in the enzyme production. On the
other hand, only 0.39U/g higher in FPase production was
observedwhenaerationusedinthefermentationprocesswas
increased from 0.06L/h·gt o0 . 1 2 L / h ·g wheat straw [25].
Furthermore, Alam et al., [24] obtained FPase activity of
10.1U/gwhencarriedoutSSFprocessatverylowairﬂowrate
of 0.04L/h·g empty fruit bunches. The optimum aeration in
SSF processes depends on the nature of the microorganism
used, the oxygen requirements for product synthesis, the
amount of heat to be removed from the mass, the degree
to which carbon dioxide and other volatile metabolites must
be eliminated, the thickness and the available air spaces of
the substrate [21]. It can be concluded that aeration has
stronginﬂuenceonFPaseproduction,inwhichbyincreasing4 Biotechnology Research International
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Figure 4: Eﬀect of diﬀerent aeration rates on FPase production.
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Figure 5: Eﬀect of diﬀerent aeration time on FPase production.
aeration from 2L/h·gt o4 L / h ·g fermented substrate, the
FPase production was increased about 22%.
3.5. Eﬀect of Aeration Time. The eﬀect of diﬀerent aeration
times on FPase production and productivity is shown in
Figure 5. As demonstrated in the ﬁgure, FPase enzyme
required 5 fermentation days to reach maximum level
regardless of the diﬀerent aeration times used during the
fermentation process. In addition, no diﬀerence in FPase
production was observed when 5 and 15min of aeration
time were used compared to 10min which showed marginal
diﬀerences. Fifteen minutes of aeration time showed opti-
mum FPase production of 3.04U/g followed by 3.01U/g
and 2.66U/g when 5min and 10min of aeration time were
used during the fermentation process, respectively. As also
indicated in the ﬁgure, optimum aeration time (15min) also
resulted in the highest FPase productivity of 0.97U/ mgG
glucosamine.WhileMoetal.[26]obtainedthehighestFPase
activity of 17.7U/g under optimum airﬂow rate of 7L/min
for 15min, the production dropped to 16.1U/g when higher
airﬂow rate (10L/min) was used. In addition, the result
obtained in present work was not similar to Milagres et al.
[27]. The authors reported that higher aeration rate used
in the fermentation process resulted in a decline in enzyme
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Figure 6: Eﬀect of diﬀerent mixing rates on FPase production.
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Figure 7:EﬀectofdiﬀerentmixingintensitiesonFPaseproduction.
production. This is mostly due to the fact that rapidly
decreased moisture level with higher air supply would occur.
3.6. Eﬀect of Mixing Rate. The result indicated that for
all diﬀerent mixing rates used in the fermentation pro-
cess, the enzyme production increased rapidly and reached
maximum level after 5 days of the fermentation process
(Figure 6). As also shown in the ﬁgure, mixing at 0.5rpm
for 5min gives the highest FPase activity of 3.09U/g and
productivity of 0.84U/ mgG glucosamine. On the other
hand, Kalogeris et al. [28] obtained FPase activity of about
4.3U/g when the SSF process was carried out with mixing
at 10rpm for 1min at 3 hours interval. No strong eﬀect of
mixing rate on FPase production was observed in this study.
This was because FPase production achieved maximum level
after 5 days regardless of the diﬀerent mixing rates used in
the fermentation process. This probably is due to narrow
range (0.5rpm interval) of mixing rate used during the
fermentation process.
3.7. Eﬀect of Mixing Intensity. The FPase production and
productivity reaching maximum level after 5 days of the
fermentation process regardless of the diﬀerence in the
mixing intensity used (Figure 7). At the same time, the FPaseBiotechnology Research International 5
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Figure 8: Production of FPase enzyme by A. niger USM AI 1 and T.
reesei under optimized fermentation conditions.
production increased with decreasing the mixing intensity
used in the fermentation process. The highest FPase activity
and productivity of 3.21U/g and 0.83U/ mgG glucosamine
were detected when mixing intensity of every 24h interval
was used during the fermentation process. However, the
enzymeproductiondroppedabout17%to2.67U/gwhen6h
intervalofmixingintensitywasappliedduringthefermenta-
tion process. Diﬀerent results of agitation on microorganism
growth and productivity in SSF have been reported by
diﬀerent authors but intermittent agitation often gives
positive result [14, 29–33]. Therefore, it is necessary to study
the eﬀect of agitation for a particular SSF process. The result
obtained in this study indicated that higher mixing intensity
resulted in a decrease in enzymes production. This may be
duetodisruptionoffungalattachmenttothesolidsubstrates
and damage to fungal mycelial due to shear forces [34].
3.8. Comparison of Cellulases Production with Trichoderma
reesei. FPase produced by A. niger USM AI 1 reaching
maximum level after 5 days of fermentation process but after
6 days when the enzyme was produced by T. reesei (Figure 8).
However, these ﬁndings were not similar to Chandra et al.
[23]a n dT a oe ta l . [20], who obtained maximum level
of FPase after 3 days of the fermentation process using
Aspergillus sp. and Trichoderma sp., respectively. Present
work shows that marginal diﬀerences in FPase produced
by both fungal were observed, in which the highest FPase
activity of 3.4U/g and 2.2U/g was produced by A. niger
USM AI 1 and T. reesei, respectively. On the other hand,
highest FPase productivity of 0.89U/ mgG and 0.78U/ mgG
glucosamine were obtained by A. niger USM AI 1 and T.
reeseiafter7daysofthefermentationprocess,respectively.In
c a nb ec o n c l u d e dt h a te n z y m ep r o d u c e db yA. niger USM AI
1 required shorter fermentation days to achieve maximum
level compared to enzymes produced by T. reesei. This is
probably due to slow growth of T. reesei compared to A. niger
USM AI 1.
4. Conclusions
In conclusion, under optimum SSF conditions of 0.5kg
substrate; 70% (w/w) moisture content; 30
◦C; aeration at
4L/h·g fermented substrate for 5min and mixing at 0.5rpm
for 5min, about 3.4U/g of FPase was produced by A. niger
USM AI 1. At the same time, under the above same SSF
conditions,about2.2U/gofFPaseactivitywasobtainedfrom
T. reesei. Although the enzymes produced by T. reesei were
lower compared to A. niger U S MA I1 ,i tm u s tk e e pi nm i n d
that the SSF conditions used for the enzymes production
was optimum for A. niger USM AI 1 but not for T. reesei.
Therefore, further optimization of SSF conditions need to
be carried out for T. reesei i no r d e rt oc o n ﬁ r mw h i c hf u n g u s
wassuperiorforFPaseproductionusingnoveldevelopedSSF
bioreactor, FERMSOSTAT.
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